García Prats, A.; Guillem Picó, S.; Martínez Alzamora, F.; Jiménez Bello, MA. (2012). Random scenarios generation with minimun energy consumption model for sectoring optimization in pressurized irrigation networks using a simulated annealing approach. Journal of Irrigation and Drainage Engineering. 138 (7) A pressurized irrigation network may operate in two ways, namely, on demand and organized 8 under operating sectors. In the first case, the user decides when to irrigate, and the pumping 9 station has to meet the discharge and pressure head requirements of the group of users that is 10 demanding water at any time. In the second case, the operating hydrants at a given moment are 11 previously established, which permits identification of scenarios related to lesser energy 12 consumption. In this work, a new model was developed that identifies such scenarios. 13
INTRODUCTION 1
On the other hand, many pressurized irrigation networks are planned to work on-demand. The 1 irrigation network delivers water with the flow rate and pressure required by farm irrigation 2 systems, and with time duration and frequency decided by the farmer. The number of hydrants 3 operating simultaneously is a stochastic process. Several methodologies have been developed in 4 order to determine the discharge of the network operating on-demand. Certainly, the most 5 popular method is the Clément's first formula (Clément, 1966) . Each hydrant is assumed to 6 follow a binomial law, which tends to a normal distribution when the number of hydrants is 7
high. 8
In irrigation networks operating on-demand, the pumping station must be prepared to supply the 9 maximum value of discharge corresponding to the bounding of all possible discharges for a 10 determined operation quality (Moreno et al., 2007a; Lamaddalena and Sargadoy, 2000) , and, at 11 the same time, supply a sufficient pressure head at the pumping station to ensure the minimum 12 required pressure head at the most unfavorable hydrant. However, a certain value of discharge 13 Q di can be obtained using multiple combinations of open hydrants, each one of them requiring a 14 different pressure head H i . Therefore, during the daily operation time, the network randomly 15
draws a cloud of pairing values Q di -H i depending on the existing configuration of open hydrants. 16
Each open-hydrant configuration implies a pump operating point Q di -H i - i and is associated 17 with an energy consumption of the pumping station. Moreno et al. (2007b) 
developed a model 18
The number of operating sectors NS must be in accordance with the daily average irrigation 1 time required per hydrant (t d ) in order to be able to supply all the hydrants within the daily 2 operation time (OT) 3 Each scenario generated by a simultaneously-operating hydrant configuration, (both on-demand 7 performance and operating-sectors performance), requires a pressure head H i upstream of the 8 network, which guarantees the minimum pressure in the most unfavorable hydrant. This 9 pressure head upstream is obtained through a hydraulic simulation using the Epanet model 10 (Rossman, 2000). Therefore, the result yielded consists of pairing values, Q si -H i or Q di -H i , as 11
appropriate. 12
It should be stated that the most unfavorable hydrant is selected among those operating at a 13 given moment for each configuration. Non-operating hydrants only require positive pressures. 14 15
Pumping Station Regulation and Energy Consumption 16
The characteristic and efficiency curves of commercial pumps (Q-H and Q-) , with fixed-speed 17 and equal to nominal revolution number, can be approached by means of (Planells, et al., 2005) : 18
The equivalent equations for pumps working with variable-speed can, by using affinity laws, 2 approached by (Planells, et al., 2005) Where α, the relative revolution number for the pump (α=N p /N 0 ); N 0 =nominal revolution 6 number for the pump, N p =revolution number for the pump at a given time, Q 1 = discharge 7 produced by one unit variable-speed pump when pressure head is H (L/s) and spin at α relative 8 revolution number. 9
Once we know the discharge and pressure head required by the network on a given open 10 hydrants configuration, the power absorbed by a pumping station composed of N vs equal 11 variable-speed pumps and N fs equal fixed-speed pumps arranged in parallel can be calculated as 12 (Planells, et al., 2005) : 13 Pump relative revolution number α can be derived from equation (10), when Q 1 is obtained. 4
Energy consumption is calculated as follows: 5
In operating-sectors performance: 6
Where E = energy consumption in one day of the month with maximum irrigation requirements 8 (July), in kw·h·d -1
. 9
In on-demand performance, we have to calculate the partial time along which the network is 10 operating within each pair Q di -H i , based on the relative frequencies obtained in the Monte Carlo 11 analysis (Moreno et al., 2009) . For this purpose, the discharge range (0 to Q di,max ) is divided into 12 10 intervals, and each one of them into 10 pressure head intervals (H i,min to H i,max ). The 13 calculation of the relative frequencies at which the network operates in each interval of flow-14 rate and pressure allows us to extrapolate the percentage of the OT that the network works with 15 a certain operating point Q di -H i - i , therefore its energy consumption (for one day in the month 16 with maximum irrigation requirements, in this case July, in kw·h d -1 ). 17
18

Operating Sectors Optimization 19
Simulated Annealing Algorithm. 20
The complete investigation of all possible configurations leads to a large number of cases 21 (Lamaddalena and Sagardoy, 2000) . Since it is not feasible to investigate all possible 22 configurations, we needed an algorithm to assign hydrants to operating sectors. For this reasonwe used the heuristic algorithm of combinatorial optimization named Simulated Annealing 1 (SA). 2 SA receives its name due to its analogy to physical annealing in solids, inspired from Monte 3 Carlo methods in statistical mechanics (Tospornsampan, et al., 2007) . Kirkpatrick et al. (1983) 4 took the idea of annealing from Metropolis (1953) algorithm and applied it to combinatorial 5 optimization problems. The SA algorithm starts by randomly generating the initial 6 configuration, which is analogous to the current solution that is composed of a set of decision 7 variables of the problem, within a feasible region at a high initial temperature value (T 0 ). Then, 8 the new configuration is generated from the corresponding neighborhood of the current solution 9 using a generation mechanism that implements a random rearrangement or perturbation of 10 variables of the current configuration (Tospornsampan, et al., 2007) . One rearrangement is 11 referred to as a transition. Acceptance of a transition from one state to another is dependent on 12 the Metropolis criterion given by P(ΔE) = min [1, exp(-ΔE/T t )] where P(ΔE) is probability of 13
is the difference between the objective function values of the new 14 current configuration S j and the current configuration S i , and T t is the current temperature, used 15 to control the acceptance of modifications. If the new configuration is found to have a better 16 fitness (evaluated by the objective function of the system) than its predecessor, then it is 17 retained and the current configuration is discarded. If the new configuration is found to have a 18 worse fitness than its predecessor, it may be retained if the Boltzmann probability, P r = exp (-19 ΔE/T t ), is greater than the generated uniform random number r distributed in the interval (0,1). 20
At the same temperature, the rearrangement must proceed long enough for sufficient number of 21 transitions that allow the system to reach a steady state. The aim of the application of this 22 criterion of acceptance is to avoid being caught into local minimums. 
Annealing Scheduling 18
Annealing scheduling is the heart of SA. Avoidance of getting trapped in local minima is 19 dependent on the annealing schedule that includes a) the choice of an initial temperature, b) the 20 number of transitions at each temperature L t , and c) the decrease rate of the temperature at each 21 step as cooling proceeds (or cooling rate α c ). (Tospornsampan, et al., 2007) . 22
A temperature parameter is used to control the acceptance of modifications (rearrangements). 23
The initial temperature value, T 0 , must be high enough to ensure a large number of acceptances 24 at the initial stages. It is gradually decreased over time depending on α c which is the coefficientused to decrease the temperature at the end of every temperature change counter. The cooling 1 schedule is described as follows (Tospornsampan, et al., 2007) : 2
where T t and T t-1 are the temperatures at the end and beginning of the cooling schedule at 5 temperature change counter t and α c is the cooling rate which can range from 0 to 1. The value 6 of α c is accomplished in the range between 0.5 and 0.90. 7
The stopping criterion is used to terminate the annealing process. In this study, the annealing 8 process may be over when the final temperature reaches a prefixed specific level T t =T f =1. 9
At each temperature, the configuration of the system is changed using a generation mechanism 10 that implements a random perturbation of variables of current state. The total number of 11 transitions at a given temperature T constitutes a homogenous Markov chain of length given by 12 the parameter L t . Setting parameters for SA is a specific problem and is best accomplished 13 through trial and error. 14 In our case, we will apply the algorithm with different values for the parameters: T 0 (10; 100 15 and 1,000); L t (10, 100; 1,000; 10,000 and 100,000); and α c (0.5; 0.6; 0.7; 0.8 and 0.9) . 16 17
Rearrangement of the system 18
Rearrangement or neighborhood generation is carried out by randomly changing the current 19 configuration into a new one. In each step of the algorithm, a change of configuration is 20 produced, and then its cost is evaluated. The objective function E, evaluated in each iteration, is 21 the power consumption (kw·h d -1 ) of a working day at the time of maximum hydric
The starting scenario is a network organized according to the elevation criteria sectoring. 1
Hydrants are put in increasing order of elevation, and their discharges are accumulated forming 2 NS sectors that have similar Q s among one another. 3
The new configuration is chosen at random in the neighborhood of the current configuration. In 4 the algorithm implementation proposed, this neighborhood includes the configuration having all 5 the hydrants operating in the same current operating sector, but one. One hydrant (from 1 to n) 6 and one operating sector (from 1 to NS) are randomly selected. The selected hydrant stops 7 working in the current sector and begins to operate in a new one. The new configuration is 8
analyzed by the Epanet model and energy consumption is calculated. If that configuration is not 9 feasible from a hydraulic point of view, it is directly rejected and another configuration is 10 searched for. The new configuration (hydraulically feasible) is accepted or not, according to the 11 Metropolis criterion. If it is accepted, this configuration will be used as the starting point for the 12 next step. If not, the original configuration will play this role. 13
One configuration is hydraulically feasible when all pipes have a speed under 3 m s -1 , the 14 pressure head is >0 in non-operating hydrants and other nodes of the network, and >25 m in 15 operating hydrants. 16
17
Study area 18
The area chosen for applying the decision support tool developed corresponds to traditional 19 irrigated farming lands in the east of Spain, namely in the Valencian Community, where water 20 is distributed by means of a flow-driven performance pressure distribution network and with 21 drip irrigation in plots since 1998, which replaced the channel irrigation system and surface 22 irrigation previously used. The total surface area supplied is 191.15 ha and citrus trees are 23 cropped. The total number of hydrants (individual plots) is n=385, grouped in 47 control units. 24
The pumping station is composed of 3 equal pumps of 63 kW each and N 0 =2900 rpm. 
Results and discussion 1
In a first approach, we arranged the hydrants according to their elevation, measured from the 2 pumping station elevation. Hydrant discharges were accumulated, forming 5 operating sectors 3 with similar Q s . By applying equations (9) to (12), we calculated the number of pumps required 4 in each sector, as well as the operating point for each pump, and the energy consumed. Table 1  5 shows the results obtained for the starting situation. 6
The aforementioned scenario was utilized as a starting point in the optimization by means of 7 SA. By applying the annealing scheduling, a great deal of annealing runs were performed for 8 different values of the parameters T 0 (10; 100 and 1,000); L t (10, 100; 1,000; 10,000 and 9 100,000); and α c (0.5; 0.6; 0.7; 0.8 and 0.9) . 10
Each combination of parameters is associated to a total number of iterations (one hydraulically 11 feasible scenario is studied in each iteration); they were tested and their energy consumption 12 was calculated. The higher the values of T 0, L t, and α c , the more iterations, and therefore the 13 higher computational effort is required. Once the algorithm had been run for all the 14 aforementioned parameter combinations, the evolution of the optimum solution found for SA 15 with varying parameters was studied. Table 2 summarizes the solutions obtained depending on 16 the parameters employed. 17
The effect of T o value on the solution found is shown in Fig. 1, 2 , and 3. Low values of T o 18 (Figure 1 ) gave rise to unstable situations when L t y α c were increased. In this case, the number 19 of iterations were increased, but the solution found may improve or worsen compared to the 20 previous one, following no model at all. This is due to the fact that the total number of explored 21 scenarios is still very low. Nevertheless, with medium and high T o values (Figures 2 and 3 Although the best solution was found for T 0 =100, L t =100,000 and α c =0.6 with an energy 5 consumption of 2049 kw·h d -1 , any solution with T 0 ≥100 and L t ≥10,000 could be acceptable, 6
which is equivalent to explore at least 100,000 scenarios. The energy saving vs. the initial 7 solution is 375 kw·h d -1 (15.5 %). 8
The operating point of the pumping station in every sector for the best solution found with SA is 9 summarized in Table 3 . 10
Finally we simulated the functioning of the network working on-demand. For this purpose, a 11
Monte Carlo simulation was run as described under Methodology. The number of iterations or 12 explored scenarios was 100,000. Each one of them described a scenario of operating hydrants 13 with an opening probability p i =0.2 following a binomial probability law. The scenarios were 14 analysed in the Epanet hydraulic model. Figure 5 shows the pairing values cloud Q di -H i 15
obtained. 16
The discharge range was divided into 10 intervals, and each one of them into 10 pressure head 17 intervals. The operating time of the network in each interval was obtained by means of a relative 18 frequency analysis. Both the operating point of the pumps and the energy consumption of the 19 network in each interval are got by applying equations (9), (10) In an on-demand operating network project design, the operation quality (OQ) should be 23 defined with the purpose of calculating the operating point at design level. Only in case of 24 OQ=100, any pair of values Q di -H i will be correctly supplied. Usually values between 96 and 99pressures generated in the network will be lower than required. Table 5 shows the number of 1 pumps required and their time of operation per day to ensure that operating on-demand scenario 2 fulfils an operation quality of 100. Since there are only 3 pumps, the network cannot guarantee 3 the minimum pressure requirements for 0.35 h d -1 (2.2% of OT). 4
The instantaneous power required is P abs =235.6 kw, provided that we only refer to the scenarios 5 that can be covered with the existing pumping station. If more pump groups were installed, all 6 cases could be dealt with (OQ=100), but the instantaneous power required would be P abs =279,3 7 kw. 8 A comparison of energy consumption among the three cases analyzed showed that the on-9 demand operating case had a lower energy consumption (2,321 kw·h·d -1 ) than the operating 10 sectors case when the hydrants were arranged according to their elevation. (2,423 kw·h·d -1 ), but 11 a higher energy consumption than the operating sector case optimized by SA (2,049 kw·h·d -1 ). 12
The network optimized using SA allowed for a daily saving of 375 and 273 kw·h respectively 13 (equal to 15.5 % and 11.7 %) per working day in the month of maximum irrigation requirement. 14 Electric tariffs usually have a dual structure, energy consumed and total power contracted being 15 independent terms. Every month a fixed amount per kw of contracted power is paid, regardless 16 of the energy consumption. If the installation requires an instant power higher than that 17 contracted, important penalties are applied. In the described case study, the network operating 18 on-demand had the highest instantaneous power requirement (236 kw), followed by the network 19 sectorized by hydrant elevation (185 kw), and finally the network optimized with SA (145 kw). 20
Thus, the network sectorized with SA needed 38.3 % and 21.6 % less instantaneous power, 21
respectively. 22
Results can be compared with other works that aim at looking for energy savings through the 23 hydraulically management of the network. Talking about saving is very important to definecompared an on-demand operating network with other way to organize the same on-demand 1 operating network. Savings achieved were 8% and 5% in two application cases. Jimenez-Bello 2 et al. (2010) developed a similar approach to ours, but using genetic algorithms to optimize the 3 energy consumption. They compared the optimized sectorization with the operating sectors 4 programmed by the users without following any criteria or guidelines in a case application for 5 the year 2006. They saved 34.6% through the optimized sectorization. The worst one is the 6 initial scenario, whereas the best one is the solution achieved. Any previous work compared an 7 on-demand operating network versus an optimized sectoring operating network. 8
Finally, two practical considerations concerning the implementation in a real case: 9
(1). In order to implement the optimized operating sectors, two alternatives are possible. Firstly, 10 if a collective irrigation control system exists, all hydrants belonging to the same operating 11 sectors should be programmed to open at the same time. If an irrigation control system does not 12 exist, and the users are responsible to open and close their hydrant, a schedule must be supplied 13 to each user with the opening and closing time. 14 (2). In drip irrigation systems design, the irrigation time t r is usually defined for the day of the 15 month with maximum irrigation requirements, in which daily irrigation is needed (IR=1). In 16 order to avoid the modification of the wetted bulb, the irrigation time remains constant over the 17 season, but the irrigation frequency (IR) is reduced as the irrigation requirements decreases. 18 (watering once every two days, three days, and so on). Thus, energy consumption is the same 19 for every irrigation day, regardless of the month, and optimization performed for one watering 20 day of July is valid for other watering day of the year. 21
22
CONCLUSIONS
23
The random generation of scenarios connected to a hydraulic model such as Epanet is a 24 powerful tool for simulating pressure irrigation systems. Since it is impossible to deal with thesystematic generation of all possible scenarios, some sort of algorithm is required to lead us to 1 the best solution. Simulated Annealing (SA) perfectly meets this requirement, and it is a new, 2 highly efficient method. In this work, Random Scenarios Generation with Minimum Energy 3 Consumption (RASGEMINEC) model for sectoring pressurized irrigation networks was 4
developed. 5
The work carried out so far lead us to the following conclusions: 6
The organization of operating sectors with similar discharge by arranging the hydrants 7 according to their elevation, measured from the pumping station elevation is not a suitable 8 method. The result will depend on the topology of the network, but it may occur (as in this case) 9 that the energy consumption be even higher than that of the network if operating on-demand. 10
For the case study presented, the use of SA achieved an 11.7 % energy saving when compared 11 to the same network operating on-demand, and 15.5 % when it is sectorized according to the 12 hydrant elevation criteria. At the same time, it required 38.3 % and 21.6 % less power 13 respectively. As we explained above, the energy saving corresponded to one day of irrigation in 14 the month of maximum water requirements (July), but may also represent the saving obtained 15 on irrigation days during the rest of the season. It is therefore equivalent to the annual savings. 16
As regards the algorithm parameters defined in the annealing scheduling, it can be inferred that 17 the initial temperature T o should equal (or be higher than) 100, whereas chain length L t should 18 equal (or be higher than) 1000. This leads us to explore at least 100,000 hydraulic feasible 19
scenarios. 20
When the network operates on-demand, 2.2 % of the time is spent with discharge and pressure 21 head requirements that cannot be obtained by the pumping station. We can say that the network 22 operates in a fault situation. Contrary to this, the network sectorized and optimized with SA 23 operates with an absolute reliability, since it does not accept unattended scenarios.
If we design the on-demand network with OQ=100 to deal with all possible cases, the pumping 1 station has to be equipped with excess of capacity. As mentioned above, electric tariffs usually 2 have a dual structure, energy consumed and total power contracted being independent terms. 3 Therefore, with or without the excess of capacity in the pumping stations, the final energy 4 invoice would be heavily penalized. Tables   1   Table 1 . Energy consumption in the sectorized network according to the elevation of hydrants. 2 Table 2 . Simulated annealing solutions achieved. 3 Table 3 . Energy consumption in the network under the scenario selected by SA. 4 Table 4 . Detailed Energy consumption calculation on-demand functioning. 5 Table 5 . Percentage of operating time related with the number of pumps needed. Table 4 . Detailed Energy consumption calculation on-demand functioning. 
